DNA sequence variation in a 1.1-kb region including the coding portion of the Tpi locus was examined in 25 homozygous third-chromosome lines of Drosophila melanogaster, nine lines of Drosophila simulans, and one line of Drosophila yakuba. Our data show that the widespread allozyme polymorphism observed in cosmopolitan D. melanogaster is due to a glutamic acid substitution occurring in a phylogenetically conserved lysine that has been identified as part of the ''hinged-lid'' active site of the enzyme. This observation suggests that the replacement polymorphism may have important functional consequences. One replacement polymorphism was also observed in D. simulans, although its functional relevance is more difficult to assess, since it affects a site that is not strongly conserved. This amino acid change in D. simulans is associated with a single lineage possessing seven unique silent substitutions, which may be indicative of balancing selection or population subdivision. The absence of fixed amino acid differences between D. melanogaster and D. simulans and only a single difference with D. yakuba suggests that triose phosphate isomerase is under strong functional constraint. Silent variation is slightly higher for D. melanogaster than for D. simulans. Finally, we outline the general lack of evidence for old balanced polymorphisms at allozyme loci in D. melanogaster.
Introduction
Triose phosphate isomerase (TPI; E.C. 5.3.1.1) is a glycolytic enzyme that catalyzes the interconversion of glyceraldehyde-3-phosphate (G-3-P) and dihydroxyacetone phosphate (DHAP), thereby playing a central role in a major branch point in carbohydrate catabolism. TPI ensures that DHAP can proceed through the subsequent glycolytic steps toward the Krebs cycle. In humans, TPI deficiency is usually associated with several disorders (Chang et al. 1993 ) as a consequence of the inefficient production of G-3-P. TPI-deficient individuals have 5%-20% of the normal level of enzyme activity, and the variants are typically thermolabile (Chang et al. 1993 ). TPI has been described as an almost perfect catalyst because of its remarkable efficiency (Blacklow et al. 1988) , and it has been the focus of a large number of kinetic and structural studies (e.g., Knowles 1991) .
Crystalographic studies have revealed a high degree of conservation in the three-dimensional structure of TPI in a wide variety of organisms (Lolis et al. 1990 ). Molecular sequence studies have also shown that the amino acid sequence of TPI is highly conserved in a wide variety of organisms (Tittiger, Whyard, and Walker 1993; Kwiatowski et al. 1995) . The enzyme consists of two subunits that are identical except for possible posttranslational modifications (Gracy 1982) .
In insects, TPI has added sigificance because DHAP is required by the sn-glycerol-3-phosphate dehydrogenase (␣-GPDH)-glycerol phosphate oxidase (GPO) shuttle, an important cycle for generation of NAD ϩ for flight muscle activity (Sacktor 1970) . Two electrophoretically detectable alleles, Tpi F (Fast or Tpi 6 ; Voelker, Ohnishi, and Langley 1979) and Tpi S (Slow or Tpi 4 ; Voelker, Ohnishi, and Langley 1979) , were found among the 99 wild populations of Drosophila melanogaster surveyed by Oakeshott, McKechnie, and Chambers (1984) . These authors observed that the frequency variation of the two allozymes exhibited a marginally significant association with latitude in different continents.
In this paper, as part of our effort to understand the population processes involved in the evolution and population genetics of glycolytic enzymes and the allozyme polymorphisms associated with them (Eanes 1994) , we examine intraspecific nucleotide variation at the Tpi locus in samples of D. melanogaster and Drosophila simulans, as well as their divergence with Drosophila yakuba. This sequence-based approach was motivated by recent theoretical advances in the conceptualization of single gene evolution in a gene-genealogies framework (Hudson 1990 (Hudson , 1993 . These advances allow the inference of alternative evolutionary forces when departures from a neutral model of variation are detected. Recent studies have used patterns of polymorphism and divergence at the DNA level to unveil the recent evolutionary histories of particular genes (Hudson, Kreitman, and Aguadé 1987; Kreitman and Hudson 1991; McDonald and Kreitman 1991; Eanes, Kirchner, and Yoon 1993; Begun and Aquadro 1994; Hudson et al. 1994) . Some of these studies have provided support for the hypothesis that natural selection plays a significant role in shaping the patterns of nucleotide variation, either in maintaining variation, or purging deleterious variation from populations.
We analyzed the DNA sequence variation in a 1.1-kb region containing the entire coding region of Tpi in 
Materials and Methods Sampling
To estimate the frequencies of the electrophoretic alleles, 400 D. melanogaster individuals from North American, European, Australian and African populations were screened electrophoretically for variation at Tpi. Genotypes were ascertained by starch gel electrophoresis and selective staining according to Voelker, Ohnishi, and Langley (1979) . A worldwide sample of 25 isothird chromosome strains (established using the TM3 balancer) of D. melanogaster was used for the study of sequence variation. Nine isofemale strains of D. simulans and a single line of D. yakuba (line BG1016 from the MidAmerica Stock Center) were also included in the study. The geographic origin and the Tpi genotype of each strain are shown in table 1.
PCR Amplification and DNA Sequencing DNA was extracted from single flies using 5% Chelex (Biorad) according to the instructions of the manufacturer. Two PCR primers were designed to obtain a fragment containing the entire coding region and part of the 5Ј and the 3Ј transcribed and nontranslated regions of the Tpi locus, from nucleotide 2051 to nucleotide 3223 in the sequence published by Shaw- Lee, Lissemore, and Sullivan (1991) . Approximately 10 ng of genomic DNA was amplified in 50 ml of 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 0.01% gelatin, 1.5 mM MgCl 2 , 2 U Amplitaq polymerase (Perkin-Elmer), and 90 ng of each primer. The resulting 1.1-kb fragment was excised from a 3% Nusieve agarose gel and used as template to amplify two smaller and partially overlapping fragments (nucleotides 2478-3223 and 2051-2769) . Single-strand DNA for sequencing was generated by the kinased-primer/exonuclease digestion method (Higuchi and Ochman 1989) . Template DNA was separated from PCR primers using Millipore filters and sequenced according to Sanger, Nicklen, and Coulson (1977) using Sequenase 2.0 (USB). Sequencing primers were spaced about every 250 bp. Reaction products from each sequencing reaction were loaded on standard acrylamide gels with an electrolyte gradient and electrophoresed for 3-5 h. Both strands were completely sequenced for each allele with rare gaps of 5-10 bases for which only one strand produced readable sequence. All polymorphisms were confirmed on both strands. This strategy was employed for the D. melanogaster sample and for allele DsDPF of D. simulans (table 1) . For D. yakuba, it was only possible to sequence between nucleotides 2233 and 3223.
For the remaining eight D. simulans sequences, genomic DNA was extracted from single flies using the Puregene kit. PCR amplifications were performed following a protocol similar to that described above. Amplified DNA was purified using QIA quick-spin columns (Qiagen catalog number 28104) and cycle sequenced with dye terminator chemistry in an ABI automatic sequencer. For these lines, sequence was sampled between nucleotides 2233 and 3028.
Two measures of per-site nucleotide diversity ( and ) are used. Under the infinite-sites model (Kimura 1983) , the neutral parameter ϭ 4N (where N ϭ effective population size and ϭ neutral mutation rate per nucleotide site) can be estimated from the number of nucleotide polymorphisms segregating in a sample, S (Watterson 1975) . Another unbiased estimate of 4N is , which is the average number of differences per site between pairs of alleles (Nei 1987) . The program MEGA (Kumar, Tamura, and Nei 1993) was used to obtain the between-alleles nucleotide distance matrix and to generate the neighbor-joining (NJ) tree (Saitou and Nei 1987) .
The methods proposed by Hudson and Kaplan (1985) and Hudson (1987) were employed to estimate the recombination-associated parameter C for the Tpi region. In the former, one finds the minimum number of recombination events (R M ) by detecting any nonincluded intervals in the sequence showing the four possible gametic products. The number of intervals fitting these conditions is the R M . This value, together with , was used to obtain C (ϭ4Nc) from table 2 of Hudson and Kaplan (1985) . The second method is based on the variance of the sample distribution of the number of differences between any two sequences in the sample as a measure of multilocus association. Hudson (1987) provides a function G(C, n) that can be solved numerically (as is done here) to obtain an estimate of C for a given sample size.
Finally, we are interested in assessing the potential of amino acid polymorphisms to distort the genealogical relationships in our sample of alleles. As proposed by Hudson (1990 Hudson ( , 1993 , we applied a Monte Carlo simulation of the Wright-Fisher process to investigate the significance of specific features of the sequence data with respect to observed amino acid mutations. The particular features, defined here a priori, are: (1) the number of silent polymorphisms associated with that subset of alleles bearing a particular derived amino acid mutation, and (2) the number of ''fixed'' mutations identified between those same sets. Singleton amino acid mutations may be examined with respect to the latter but not the former feature. For example, with respect to the latter question, we would ask, given the observed number of polymorphisms m in the total sample of size n genes, what is the probability that a subset of i alleles (or a singleton allele) will have j or more sites uniquely fixed? This is done by generating a large number of replicate trees each with m polymorphic sites and determining the proportion of those with at least the observed number of fixed differences. We have simulated this coalescent process using the logic of and an adaption of the computer algorithm introduced by Hudson (1990) . These simulations assume no recombination, with recognition that, in the presence of recombination in the true sequences, probabilities will be conservative (Hudson et al. 1994) . A sample of 10,000 replicate trees with m polymorphisms, conditioned on i copies per derived subset, were generated in each simulation.
Results

Electrophoretic Survey
The electrophoretic survey of D. melanogaster showed that African populations (n ϭ 90) are monomorphic for the Tpi S (Slow) allele, and that Tpi is polymorphic in the non-African populations studied. The frequency of the Tpi F (Fast) allele is 1.1% in the North American population we sampled (Davis Peach Farm, Long Island, N.Y.; n ϭ 136) and 3% in our Australian collection (n ϭ 76). The frequency was also low (2%) in the two French populations surveyed (Restinclieres: n ϭ 60; Montpellier: n ϭ 64). The overall frequency of the Tpi F allele was around 2%. Our sample of 25 alleles of D. melanogaster selected for the study of sequence variation included 23 Tpi S and two Tpi F alleles.
Sequence Analysis
The Tpi sequence of Oregon-R The original sequence of Tpi was reported by Shaw- Lee, Lissemore, and Sullivan (1991) using the Oregon-R (Or-R) strain of D. melanogaster. For purposes of continuity, we retained their numbering despite some errors encountered. To check our results against theirs, we included in our analysis a third chromosome carrying the Tpi F allele extracted from the Or-R strain. This strain proved to be heterozygous for the Tpi F and Tpi S alleles. The comparison of our results with the original published Or-R sequence revealed a number of differences in the noncoding regions. One is a base pair substitution at nucleotide position 2780, where we detected a C instead of an A, and the rest are insertions/deletions of single bases in the region sequenced in the present study (positions 2100 to 3162 of Shaw-Lee, Lissemore, and Sullivan 1991). The remaining differences consisted of an insertion of T at positions 2787, 2795, 2803 and 2810, insertions of a C at positions 2798 and 2813, and a G inserted at position 3084. All changes but one (the G inserted at 2803, which occurs at the 3Ј untranslated region) were observed in the intron.
Five differences between our sequence of Or-R and that of Shaw- Lee, Lissemore, and Sullivan (1991) were also observed in the exons. Four of these differences were fixed in our entire sample; therefore they are likely sequencing errors in the original characterization. Two of these differences, at positions 2685 (G in our sequence and A in Shaw-Lee, Lissemore, and Sullivan 1991) and 2841 (T and C, respectively) are silent, while the differences at positions 2843 (C/T, Ser/Phe) and 3005 (T/G, Leu/Val) lead to changes in the published amino acid sequence. The fifth difference is the presence of an A instead of a C at position 2749 in exon 1. This leads to a radical amino acid change at residue 173, substituting a glutamine for a lysine. Since this replacement makes the molecule more negatively charged and, consequently, prone to migrate more anodally, this replacement is the cause of the widespread electrophoretic polymorphism described for Tpi (Oakeshott, McKechnie, and Chambers 1984 DsDPF, or 0.07 differences per base pair (table 2) . This is typical of the level of divergence between these species observed for other genes (Hudson et al. 1994) . The level of divergence is statistically homogeneous along the five regions of the gene ( 2 ϭ 2.75, df ϭ 4, P ϭ 0.6). The number of differences per base pair between the one slow allele of D. melanogaster and the complete available D. simulans sequence is 0.065 for the 182.4 effectively silent sites and 0.12 for the 58-bp intron. The former is within the lower part of the range of values estimated for other gene regions (Hudson et al. 1994: Moriyama and Powell 1996) , while the value observed for the intron is well above the range of values observed for other loci (table 5 of Hudson et al. 1994 nucleotides were observed segregating in our sample (table 3) ; thus, we have a total of 37 silent mutations across 35 sites. Only a single amino acid replacement polymorphism, that responsible for the allozyme polymorphism (described above), was detected among the 25 alleles sequenced. Using Watterson's (1975) estimator, the per-site estimate of based on 182.4 effectively silent sites (Kreitman 1983 ; exons 1 and 2) is 0.043 for the total global sample and 0.025 for North America alone. The estimates of nucleotide diversity using for the different regions of the gene and for each of the geographic areas are presented in table 4. The distribution of the silent variation along the gene shows 3 segregating sites in the 5Ј untranslated region, 12 in exon 1, 6 in the intron, 12 in exon 2, and one in the 3Ј untranslated region. While the sequences of the two Tpi F sequences were identical except for the deletion of one base pair at position 2822 in Or-R, all Tpi S sequences were different from each other. The average number of differences between any two Tpi S alleles was 8.04, while the average number of differences between the Tpi F and Tpi S alleles was 8.17.
In addition, four length variants were observed in the intron in our sample of D. melanogaster (table 3) . From the comparison with the sequence of D. simulans, it can be deduced that all length variants are derived insertions. Three were single-base insertions at positions 2783, 2787, and 2822, and the fourth was a 3-bp insertion at nucleotide 2781. Figure 1 shows a neighbor-joining tree (Saitou and Nei 1987) including both D. melanogaster and D. simulans. The purpose for this tree is not to explicitly reflect the genealogical process; that will be, to some extent, confounded by recombination. However, it serves to show the genetic structure in the data for both species. In the case of D. melanogaster, it shows the relative absence of geographic structure (African alleles are interspersed with cosmopolitan alleles) and the shallow emergence of the Tpi F alleles, suggesting it is a recent mutation. D. simulans
The nucleotide variants detected in the sample of nine D. simulans alleles are shown in table 5. A total of 19 silent polymorphisms were observed in our sample: 7 in exon 1, 6 in the intron, and 6 in exon 2 (table 4). The per-site estimate of based on an effective number of 182.4 silent sites (exons 1 and 2) is 0.021 using Watterson's (1975) estimator. Levels of silent variation are similar to those of D. melanogaster, except in exon 2, where the average number of pairwise differences per site is lower (table 4). In addition, one amino acid replacement polymorphism was detected in position 2657 (G to A), leading to a Val/Met polymorphism at residue 142. Inspection of the neighbor-joining tree ( fig. 1 ) and table 5 shows that most D. simulans alleles are similar in sequence, while there is a deep branch possessing six unique nucleotide differences associated with the single amino acid change in line DsNA.
Graphical Representation of Polymorphism at Tpi
We first explored the patterns of sequence polymorphism along the Tpi locus by using the sliding-window approach (Hudson 1990; Kreitman and Hudson 1991) . In this method, a window of size w in base pairs is placed at one end of the DNA sequence, the number of polymorphic sites is calculated for the sites contained in the window, and this value is assigned to the center of the interval. The window is moved along the sequence, and polymorphism is plotted against position in the nucleotide sequence. As shown in figure 2 for D. melanogaster and in figure 3 for D. simulans, two peaks of variation can be observed in both; one in the intron and the other in exon 2.
It is possible that these two peaks of polymorphism are the result of reduced functional constraints, and thus increased neutral mutation rates, for these two regions. To test for variation in constraint (or mutation rate) we predict the expected number of polymorphic sites using interspecific divergence data and mean divergence time (T ϩ 1) as a scaling factor (Hudson 1990; Kreitman and Hudson 1991) gaster and in figure 3 for D. simulans. It can be shown that the first peak of polymorphism, centered around the intron, also corresponds to a highly diverged region. On the other hand, the peak of variation observed in exon 2 is higher than expected. This difference between observed and expected levels of variation is clearer in D. melanogaster than in D. simulans. When is used as the estimator of observed heterozygosity (not shown) the difference from the expected distribution is obvious only for D. melanogaster, although a slight excess of variation can still be observed in D. simulans exon 2.
Tests of Neutrality
We initially set out to determine if there is significant heterogeneity in the level of polymorphism across different functional regions of the Tpi gene. Kreitman and Hudson (1991) proposed a test to examine the hypothesis of homogeneity in the distribution of the number of polymorphisms between certain gene regions. Under the infinite-sites neutral model, the test statistic 2 C is expected to be approximately 2 distributed with k Ϫ 1 degrees of freedom where (k is the number of regions being compared) when there is no recombination within the regions, free recombination between the regions and n is sufficiently large. When there is recombination within regions, this test is conservative. Another test statistic proposed, , which has the same distribution as el of recombination assumed, indicating that the distribution of polymorphic sites along the gene is significantly heterogeneous. The main cause of this departure appears to be high relative levels of polymorphism in both exons (particularly exon 2) and a relative deficiency of variation in the 5Ј and 3Ј untranslated regions. The same test was not performed for the D. simulans sample, because we have sequence information for only three regions.
Sequence variation in the Tpi locus was tested for departures from an equilibrium-neutral model with several tests. Tajima's (1989) D statistic computes and statistically contrasts the difference between two estimates ( and ) and heterozygosity: is obtained from the number of segregating sites (S), and is estimated from the average number of pairwise differences between alleles (k). Under strict neutrality, these two estimates from a population will not be significantly different. Negative D values can result from segregation of deleterious alleles or the recent fixation of a beneficial mutant, while positive values reflect an excess of intermediate frequency variants, possibly due to balancing selection. Because of the significant heterogeneity among regions in levels of polymorphism, we carried out separate tests. The results of Tajima's test for the silent variation in the Tpi locus in east African and North American D. melanogaster and D. simulans are shown in table 7. All tests for the entire gene and for each functional region in each population failed to reject the neutral-equilibrium model. Fu and Li (1993) proposed a test of neutrality based on the comparison of the number of mutations that occur on external versus internal branches of a genealogy. The rationale for this test is based on the notion that old mutations will be located on internal branches, while recent mutations will be found primarily on external branches. This test uses within-and between-species data to assign the numbers of internal and external mutations. An external mutation is defined as a singleton polymorphism, for which the frequency of the rare variant is 1/n in species A and is not shared with the outgroup species. The computed Fu and Li statistic (also D) is expected to be 0 under neutrality. Negative values are the result of an excess of external mutations, while positive values of D denote a deficiency of external mutations. The results of the Fu and Li (1993) Fu and Li (1993) test to the D. simulans data set were significant for both the intron (P Ͻ 0.05) and exon 2 (P Ͻ 0.05).
The Hudson, Kreitman, and Aguadé (HKA) (1987) test is based on the prediction of the neutral theory that polymorphism and divergence should be correlated (Kimura 1983). The simplest version of the HKA test compares the level of divergence between species for two loci or genomic regions with the corresponding level of polymorphism for the same regions in one of the species. In this case, the test statistic has a 2 distribution with one degree of freedom. The HKA test rejects the null hypothesis (the neutral model) if the ratio of polymorphism to divergence differs significantly between loci (Hudson, Kreitman, and Aguadé 1987) . The HKA test was performed by functional region for the North American data set of D. menlanogaster. Tpi was contrasted against the Adh 5Ј-flanking region, which is assumed to be neutral (Kreitman and Hudson 1991) . The divergence estimate in the test was obtained by comparing the sequence of allele VC-805 of D. melanogaster with the available D. simulans complete sequence (allele DsDPF). The test was not performed for the Zimbabwe sample, because the east African population is known for high population-specific levels of polymorphism (Begun and Aquadro 1993; Eanes et al. 1996) , and any contrast with a cosmopolitan collection of sequences such as the 5Ј-flanking Adh sequences of Kreitman and Hudson (1991) will be biased.
The results of the HKA test for the five functional regions of the Tpi region in D. melanogaster for North America are presented in table 8. The total HKA test was nonsignificant, while the individual 2 value for exon 2 alone was significant due to an excess of polymorphic sites (table 8) . This result must be qualified by the recognition that this is not significant when one compensates for the multiplicity of significance tests using the general Bonferroni method.
We also applied the HKA test to our D. simulans data set using various upstream regions as neutral reference standards. None of the tests using the 5Ј upstream region of Est-6 (Karotam, Delves, and Oakeshott 1993; Karotam, Boyce, and Oakeshott 1995) were statistically significant (data not shown). However, the results of these tests are doubtful since the sample size for the reference standard is only four. This is one of the most important shortcomings of the D. simulans database; most studies are based on very small sample sizes (see Moriyama and Powell 1996) .
Finally, there are two amino acid polymorphisms observed in our sample. Our Monte Carlo simulations determined that neither the number of silent polymorphisms segregating within the subset defined by the two D. melanogaster Tpi F alleles (0) nor the number of fixed differences between subsets (0) was unexpected given the total number of polymorphisms observed and the frequency of the Tpi F allele. In D. simulans, the association of the amino acid polymorphism (Val/Met substitution in DsNA) with a lineage with six or more fixed differences (table 4) was an uncommon event in the simulations. The estimated P value of a single lineage (associated with this unique event) possessing six unique mutations among 19 polymorphisms was 0.022 in 10,000 replicate trees. This deep lineage obviously contributes disproportionately to the significant number of derived singleton mutations detected by the Fu and Li test.
Estimating the Recombination Parameter at Tpi
It is of interest to evaluate the relative impact of recombination in the history of our samples of alleles in D. melanogaster and D. simulans. Using Hudson and Kaplan's (1985) four-gamete rule, we estimate the minimum number of recombination events (R M ) appearing in a sample to be 7 for D. melanogaster. Using our perlocus estimate of (ഡ9) for all polymorphic sites, and table 2 of Hudson and Kaplan (1985) , we obtain an estimate of C (ϭ4Nc) between 50 and 100. A similar estimate of C ϭ 80 was obtained using Hudson's (1987) method based on the sample variance of the average number of pairwise differences between alleles. For D. simulans, the number of recombination events detectable from our data is only 1, and using our estimate of ഡ 6, the value of C is between 1 and 5, which is similar to the estimate of C ഡ 6 obtained using the alternate Hudson (1987) approach.
Discussion
One specific interest of our study of Tpi was the nature of the known allozyme polymorphism in D. melanogaster. It has been suggested that the allele frequencies are clinal with latitude (Oakeshott, McKechnie, and Chambers 1984) with the derived Tpi F allele becoming common in temperate climates of the cosmopolitan range, reaching frequencies as high as 30% (Band 1975) . We show that the electrophoretic polymorphism is due to the replacement of a highly conserved lysine with a glutamine, a nonconservative residue change that results in a reversal of charge at this site.
The enormous amount of information on TPI as a model of enzyme catalysis, which includes unparalleled characterization of the three-dimensional protein structure, provides a unique opportunity to evaluate this and other amino acid changes in a detailed functional context. The important observation is that the lysine-to-glutamine replacement takes place in what would be construed as the active site of TPI. More specifically, this change takes place in what is designated as the ''hinged lid'' (Joseph, Petsko, and Karplus 1990) , a domain of nine conserved residues which opens and closes over the active site upon binding substrate. This region has received much recent interest (Pompliano, Peyman, and Knowles 1990; Wade et al. 1993; Yüksel et al. 1994) . Such flexible loops are considered important in the exclusion of water, loss of reactants, and assistance in the stereospecific orientation of the substrate with respect to the catalytic residues (reviewed by Knowles 1991) . Furthermore, not only the position in the active site, but also the complete reversal of charge has potential functional significance. Recent empirical and theoretical models for superoxide dismutase and TPI argue that ''electrostatic guidance'' imposed by surface charge changes near the active site can be a significant determinant of reaction rate, even for enzymes presumed to be operating at a diffusion-controlled maximum (Getzoff et al. 1992) , such as TPI. These TPI variants are clearly interesting candidates for in vitro and in vivo functional analyses.
It is important to note that the Est-6 F/S polymorphism in D. melanogaster also involves an active-site substitution , and the polymorphism in G6PD involves a change in what, based on studies of the human enzyme, is considered a domain associated with NADP binding and repeated mutation of G6PD deficiencies in humans (Eanes et al. 1996) . As more data accumulate on the molecular nature of widespread amino acid polymorphisms, many formerly recognized as allozyme variants, it will be interesting to determine the extent to which such polymorphisms are not isolated in functionally benign regions of each protein. The detailed knowledge of the three-dimensional structure of many glycolytic enzymes will facilitate this investigation.
The functional relevance of the amino acid replacement polymorphism in D. simulans is less obvious. The replacement (Val/Met) is located in an ␣-helix at the end of the classic ␣/␤ barrel, for which TPI is the paradigm. This helix is also at the entrance of the C-terminus, or active-site end of the barrel. However, this site is not evolutionarily conserved, so its functional importance is unclear.
The overall silent-site divergences between D. melanogaster and D. simulans in the Tpi coding region and in the 5Ј and 3Ј transcribed but untranslated regions are comparble to those of other genes, such as Adh (Kreitman and Hudson 1991) , Hsc (Ingolia and Craig 1982) , Hsp83 (Blackman and Meselson 1986), Sgs-3 (Martin, Mayeda, and Meyerowitz 1988) , Sod (Hudson et al. 1994) , and Gpdh (Takano, Kusakabe, and Mukai 1993) . However, divergence estimates obtained for the small intron (11%) are about twice those obtained for other genes (Adh, 4.7% [Kreitman and Hudson 1991] ; Adhdup, 6.2% [Kreitman and Hudson 1991] ; Gpdh, 5.1% [Takano, Kusakabe, and Mukai 1993] ; Sod, 7.1% [Hudson et al. 1994 ]; Pgd, 6.0% [Begun and Aquadro 1994] ).
The number and nature of the amino acid differences can be considered an indication of the level of constraint on amino acid divergence among species. With the exception of the surprising amino acid polymorphism in the active site of D. melanogaster, Tpi can be considered among the group of genes showing strong constraints in the evolution of the amino acid sequence. Hsp83 (Blackman and Meselson 1986) , Hsc (Ingolia and Craig 1982), Sgs-3 (Martin, Mayeda, and Meyerowitz 1988) , and Sod (Hudson et al. 1994 ) also show no amino acid differences between D. melanogaster and D. simulans. Furthermore, only one difference can be observed when the inferred amino acid sequence of D. yakuba is compared with the Tpi sequences of the pair of sibling species. The amino acid position in which the single amino acid difference between D. yakuba and the lineage leading to D. melanogaster-D. simulans was detected corresponds to a nonconserved site. The valine at residue 99 is also detected in humans, monkey, chicken, and chimpanzee TPI (Tittiger, Whyard, and Walker 1993) , and different amino acid substitutions are present in other species (Kwiatowski et al. 1995) . Given the high degree of amino acid conservation, the active-site amino acid polymorphism is all the more surprising.
TPI contrasts with G6PD, which shows evidence of many adaptive amino acid replacements in the lineage leading to D. simulans (Eanes et al. 1996) . Other genes showing high rates of amino acid sequence evolution between these species are transformer (O'Neil and Belote 1992; Walthour and Schaeffer 1994) , cubitus interruptus (Orenic et al. 1990; Berry, Ajioka, and Kreitman 1991) , spalt (sal) (Reuter, Schuh, and Jackle 1989) , and Est-6 (Karotam, Delves, and Oakeshott 1993) . However, these genes also show higher substitution rates at silent sites. When we compare our results with those for a gene showing a similar silent substitution rate, like Adh (5.4%), the rate of amino acid substitution in TPI still appears low, much like the low rate observed for GPDH (Tominaga and Narise 1995; Wells 1996) , the adjacent metabolic step which receives DHAP from TPI.
While much of our statistical analysis is predicated on a random sample of alleles, we are also interested in the nucleotide diversity associated with the rarer Tpi F allele, since such diversity will reflect allele age. Unfortunately, only two Tpi F alleles were found in our D. melanogaster survey. They differ from each other by the deletion of a single base pair in the intron, and that mutation is also polymorphic in our sample of Tpi S alleles. This fact makes the difference likely to be a simple recombination event with a Tpi S allele, rather than de novo mutation associated with the Tpi F allele. The near identity of the nucleotide sequence between the Tpi F alleles contrasts with the high level of variation observed among the Tpi S alleles. However, the number of pairwise differences between Tpi F and Tpi S alleles is no different from that between any two Tpi S alleles sampled at random, and our Monte Carlo simulations find this configuration of silent variation to be common in a neutral Wright-Fisher population. This result suggests that Tpi electrophoretic polymorphism is not an old polymorphism in the manner of Adh Fast/Slow, unless recombination has countered the possible accumulation of fixed differences between alleles. As discussed below, recombination estimates are relatively high for this region.
Polymorphism at Tpi silent sites in North American D. melanogaster ( ϭ 0.025 and ϭ 0.035) is comparable to the group of genes showing high levels of variation such as Adh, (see  table 1 in Moriyama and Powell 1996) . While the elevated value of silent polymorphism at Adh is considered to be a consequence of the presence of a balanced polymorphism at the site of the F/S electrophoretic polymorphism (Kreitman and Hudson 1991) , the other three genes appear to fit the neutral expectation (Mariyama and Powell 1996) . One likely reason for the relatively high level of polymorphism of Tpi is the postion of the Tpi locus at the distal end of the right arm of the third chromosome, where recombination is very high and the gene is less susceptible to the effects of adaptive hitchhiking or background selection (see Hudson and Kaplan 1995) .
A body of sequence data on Drosophila has recently been reviewed by Moriyama and Powell (1996) . These authors showed that nucleotide heterozygosity varies not only among genes, but also between species. For silent variation, D. melanogaster ( ϭ 0.015) has, on average, less than half the nucleotide polymorphism of D. simulans ( ϭ 0.037) for genes outside regions of low recombination. However, Tpi seems to be exceptional, since nucleotide diversity in exons and the intron in our North American D. melanogaster sample is slightly higher ( ϭ 0.023 and ϭ 0.033) than that in D. simulans ( ϭ 0.021 and ϭ 0.026).
It is also possible that the general pattern of higher nucleotide diversity in D. simulans results from an old, but now obscured, population subdivision, and although Tpi has relatively low levels compared with most other surveyed genes in D. simulans, the among-lineages structure of the polymorphism suggests this past history. In the case of Tpi, the Fu and Li test indicates that there are a significant number of derived singleton mutations. This is usually assumed to be associated with either deleterious selection or recent demographic expansion.
However, 6 of the 14 silent singletons are associated with one lineage, detected as a significant outcome in our Monte Carlo simulation. In addition, the runt (unpublished data) locus and the mtDNA cytochrome b gene (Ballard and Kreitman 1994) show exceptionally deep nodes involving rare lineages. These features could be explained as remnants of historical subdivision or, of course, balancing selection.
Our estimate of the recombination parameter in the Tpi region of D. melanogaster is relatively high. The value of the ratio of C/ for Tpi in D. melanogaster is six times as high as that for Adh (Hudson 1987) and Sod (Hudson et al. 1994 ), but similar to that for the gene Mlc1 (Leicht et al. 1995) , which is located near the right tip of chromosome 3 in cytological position 98A7, very close to 99E, the physical location of Tpi (Shaw- Lee, Lissemore, and Sullivan 1991) . This region has a high level of recombination. On the other hand, in D. simulans, the estimated value of C was more than 10-fold lower, and the C/ ratio was only 1.2. This is surprising because the genome-wide recombination rate is estimated from direct mapping studies to be approximately twice that for D. melanogaster (True, Mercer, and Laurie 1996) .
There are several explanations for the low estimate of C for D. simulans that go beyond reduced recombination per se. First, recent contact between populations, formerly geographically isolated, can account for the simultaneous presence of highly divergent sequences along with clusters of almost identical sequences as seen here for D. simulans. We have already raised the possibility of historical subdivision. Second, the presence of a balanced polymorphism could generate disequilibrium. As mentioned, line DsNA bears a conservative amino acid replacement that branches off the basal node of the neighbor-joining tree as the result of six unique silent differences from the majority set of alleles (see fig. 1 and table 4), which are largely occupied by a single sequence. Since most of these mutations in this rarer lineage are derived, this raises the possibility that they accumulated in a subdivision of D. simulans with a smaller population size (see Akashi 1996; Eanes et al. 1996) . Nevertheless, any of these processes will result in a greater correlation between polymorphic sites and the associated inference of lower recombination.
While levels of polymorphism at Tpi in D. melanogaster are high, only five silent substitutions have become fixed since the D. melanogaster-D. simulans split. In this sense, Tpi again parallels Adh, for which only two silent changes became fixed in these lineages (McDonald and Kreitman 1991) , and strongly contrasts with G6pd, for which the fixation rate of silent mutations is over two and a half times as high (Eanes et al. 1996) . Using the available summary table of codon usage in D. melanogaster (Shields et al. 1988) , Akashi (1995 Akashi ( , 1996 classified codons as ''preferred'' or ''unpreferred,'' implying a relative selective advantage or disadvantage. He then showed in a comparison of D. melanogaster-D. simulans lineages for a large number of genes that the fixation rate of unpreferred codons was substantially greater in the D. melanogaster lineage. Using D. yakuba as an outgroup, we can also show that three fixed differences took place in the D. simulans lineage, and two are changes from preferred to unpreferred synonymous codons. In the lineage of D. melanogaster, only two codons have become fixed, both to unpreferred codons. Eleven of 12 silent polymorphisms in D. simulans consist of changes to unpreferred codons and 1 is a change between preferred codons. Thus, 22 out of a total of 25 silent polymorphisms are mutations to unpreferred codons, while only one is preferred. This is probably not surprising since the very high codon bias in Tpi means that most sites are already occupied by preferred codons.
The issue of the nature of selection acting on allozyme polymorphism was presented by Lewontin (1974) as an extension of the long-standing debate between the so-called classical and balance schools of population genetics. While there are few advocates of these views in their most extreme forms, the issue of natural selection operating on protein polymorphisms remains a viable question, seemingly answerable with the historical resolution offered by DNA sequencing. Balancing selection as a preserver of polymorphism should be detected as alleles with ages older than expected if neutral. This is a straightforward prediction, and operationally should be reflected as significant divergence between allozyme alleles relative to within-allele differentiation. The pattern and level of intraspecific variation at the nucleotide level has now been determined in D. melanogaster for seven loci bearing common allozyme polymorphisms. These are Adh (Kreitman 1983; Kreitman and Hudson 1991) , 6Pgd (Begun and Aquadro 1994) , G6pd (Eanes, Kirchner, and Yoon 1993; Eanes et al. 1996) , Gpdh (Takano, Kusakabe, and Mukai 1993) , Sod (Hudson et al. 1994 ), Est-6 (Cooke and Oakeshott 1989) , and, from this study, Tpi. There is independent evidence for the potential for selection to be acting on all of these polymorphisms. With the exception of Sod (which is not well characterized geographically), all of the genes show electrophoretic alleles that vary clinally with latitude, generally with reciprocating clines in the Northern and Southern Hemispheres (Oakeshott et al. 1981 (Oakeshott et al. , 1982 Oakeshott, McKechnie, and Chambers 1984) Furthermore, variants at the Adh, 6Pgd, G6pd, Gpdh, Sod, and Est-6 loci all have been shown to possess in vitro, and often in vivo, differences in function (see Cavener and Clegg 1981; Lee, Misra, and Ayala 1981; Barnes and Laurie-Alhberg 1986; Heinstra, Scharloo, and Thorig 1987; Eanes, Katona, and Longtine 1990) , thereby validating an important assumption. With respect to observed nucleotide variation, it is also important to note that, with the exception of Est-6, the common electrophoretic variants all possess only single amino acid substitutions associated with electrophoretic phenotype.
However, when the associated pattern in silent polymorphism is examined, the picture to emerge is not one of extensive allele age. Common allozyme polymorphisms at Tpi, Sod, and 6Pgd and a second common polymorphism at G6pd in European populations all appear to be associated with recently derived mutations which have reached substantial frequencies in parts of the cosmopolitan range, an observation consistent with regional directional selection, but not historical balancing selection. The nucleotide sequences for Adh, G6pd, and Gpdh show some elevated differentiation between allozymes at silent sites, but only Adh has statistically rejected the neutral model in a direction consistent with balancing selection (Hudson, Kreitman, and Aguadé 1987) . Incidentally, it should be added that the lack of variation for the cubitus interruptus gene on the fourth chromosome (Berry, Ajioka, and Kreitman 1991) is also inconsistent with the operation of coadapted gene complexes and strong balancing selection at the chromosomal level (Dobzhansky 1970) .
In conclusion, the notion of allozymes being old balanced polymorphisms is not well supported by the sequence data. Rather, many allozyme polymorphisms also result from relatively recent alleles which appear to have come under directional selection, perhaps as D. melanogaster invaded climatically temperate regions of its cosmopolitan range.
